A B S T R A C T The fate of bacteria in human urine was studied after inoculation of small numbers of Escherichia coli and other bacterial strains commonly implicated in urinary tract infection. Urine from normal individuals was often inhibitory and sometimes bactericidal for growth of these organisms. Antibacterial activity of urine was not related to lack of nutrient material as addition of broth did not decrease inhibitory activity. Antibacterial activity was correlated with osmolality, urea concentration and ammonium concentration, but not with organic acid, sodium, or potassium concentration. Between a pH range of 5.0-6.5 antibacterial activity of urine was greater at lower pH. Ultrafiltration and column chromatography to remove protein did not decrease antibacterial activity.
INTRODUCTION
It has commonly been stated that urine is an excellent culture medium for the bacteria that cause urinary tract infection (2) (3) (4) . For example, Kass (2) stated that "even without added glucose, urine generally supports multiplication of the usual pathogens of the urinary tract about as well as does nutrient broth, and variations in pH and specific gravity within physiologic ranges exert but slight effects on bacterial multiplication."
However, Davis and Hain (5) in 1918 demonstrated that dog urine was bactericidal for Gramnegative bacteria. Subsequently, Clark (6) and Helmholz (7) found that urine of patients receiving ketogenic diets demonstrated antibacterial activity which they felt was related to the presence of organic acids. Kass and Ziai (8) described a substance found in urine of some normal individuals that was bacteriostatic at pH 5.0 for Escherichia coli. This inhibitor was nonvolatile, alcohol-soluble and ether-insoluble and was thought to be a weakly ionizable acid. Bodel, Cotran, and Kass (9) fed large amounts of cranberry juice to patients (which results in increased urinary excretion of hippuric acid, an organic acid) and demonstrated that the urinie inhibited bacterial growth at low pH.
The effect of pH on multiplication of bacteria in urine has been investigated by others (10) (11) (12) (13) (14) (15) . Shohl and Janney (10) and Asscher et al. (15) found that optimal growth of E. coli in urine occurred between pH 6.0 and 7.0. These investigators and others (11) (12) (13) demonstrated that inhibition of growth occurred at pH 5.0 and below. Kaitz (14) and Asscher et al. (15) found that the inhibitory effect at pH 5.0 was most marked at an osmolality above 600 mOsm/kg of water. This effect was thought by Kaitz to be in part related to a higher concentration of undissociated organic acids in concentrated urine. He also stated that he observed inhibition of growth in concentrated urines that was not pH-dependent and which he felt might be due to urea. Neter and Clark (16) demonstrated that urea added to urine in concentrations ranging from 3.1 to 6.3 g/100 ml markedly increased antibacterial activity. Jackson and Grieble (17) found that addition of 0.5 g/100 ml of urea to urine did not inhibit multiplication of bacteria.
In general these studies demonstrated that urine at pH 5.0 and below is often inhibitory for growth of microorganisms. With this exception, there is no convincing evidence in these studies that urine from normal individuals is inhibitory for growth of E. coli and other bacteria that cause urinary tract infection. The methodology used in the different studies varied widely: in some, the bacterial inoculum was small (i.e., less than 1000 bacteria/ml) and in others the inoculum was large; there was considerable variation in the time of incubation; in some of the studies, only one specimen (or one pool) of urine was studied and in others only one strain of bacteria was evaluated. None of the studies made an intensive effort to elucidate the factors that may contribute to inhibitory activity of urine and to determine the relative importance of each factor.
When bacteria invade the lower urinary tract, it seems likely that the inoculum would be small. Furthermore, the outcome of such an invasion is probably more related to the initial rate of multiplication of the bacteria than to events occurring after many hours. The present study was undertaken to determine the fate of bacteria in human urine after inoculation of small numbers of microorganisms and to evaluate the effect of variations in pH, osmolality, urea, ammonium, and organic acids on the rate of bacterial multiplication. and Staphylococcus albus were studied. E. coli strains 1-8 and the strains of A. aerogenes, P. aeruginosa, P. mirabilis, and enterococcus were isolated from urine of patients with urinary tract infections. E. coli strains [9] [10] [11] [12] [13] [14] [15] [16] were isolated from stool cultures of different patients. The strains of S. aureus and S. albus were isolated from nasal or pharyngeal cultures. The serotypes of the E. coli strains were: strain 1, nontypable; strain 2, 025; strain 3, 054/H-14; strain 4, 017/066/077; strain 5, 025/H-1/H-12; strain 6, nontypable/H-14; strain 7, 0139; strain 8, 01; strain 9, 018 ab/018 ac; strain 10, 08/H-9; strain 11, 08/H-9; strain 12, 06/H-1/H-12; strain 13, 021/H-4/ H-17; strain 14, 0111B4; strain 15, 018 ab/018 ac/023/ H-7; and strain 16, 0128B12.
Stock cultures were maintained by storing aliquots of an 18 hr culture in standard strength trypticase soy broth (i.e., 3 g of trypticase soy broth powder/100 ml of distilled water) (Baltimore Biological Laboratory, Baltimore, Md.) at -20'C.
Urine samples. Midstream urine from 11 normal subjects was studied. Subjects 1-5 were males 25-35 yr of age; subjects 6-8 were females 21-26 yr of age; subjects 9 and 10 were males, ages 5 and 6 yrs; and subject 11 was a 5 yr old girl. None of the subjects were receiving antimicrobial agents and none were receiving special diets. None of the females were taking birth control pills. Fluid restriction was not employed. All urines were refrigerated until filtration the same day.
The urine specimens were sterilized by filtration through a 0.45 /A filter (Millipore Filter Corporation, Bedford, Mass.) and then divided in tubes in 5-ml aliquots. Tubes of urine that were not used in experiments the same day were stored at - 20 A modification of the method of Van Slyke and Palmer (18) was used for determination of organic acids. 20 mg/ml of calcium hydroxide was added to up to 50 ml of urine. The urine was then periodically agitated over a 20 min period, filtered through filter paper, and adjusted to pH 7.0. An aliquot of filtrate was titrated from pH 7.0 to pH 2.5 with 0.1 N hydrochloric acid. An equal volume of water was titrated from pH 7.0 to pH 2.5 with 0.1 N hydrochloric acid. The number of milliliters of hydrochloric acid required to titrate the urine, minus the number of milliliters required to titrate the water, divided by 10 , was the number of milliequivalents of organic acid in the titrated aliquot of urine.
The pH, osmolality, urea, ammonium, sodium, potas-sium, and organic acid concentrations were not altered by filtration. Experiments. Growth characteristics of the bacteria were studied in the urines and in broth controls. Inocula were prepared by subculturing an aliquot of the stock culture in trypticase soy broth. After incubation at 370C for 18 hr, dilutions were prepared in trypticase soy broth or sterile distilled water. For each experiment 0.1 ml of one of the bacterial dilutions was inoculated in 1 ml portions of urine and in 1 ml of trypticase soy broth or water. In some experiments 5-ml portions of urine or trypticase soy broth were used. The broth, water, and urine specimens were heated to 370C before addition of the bacterial inoculum. (In experiments where urine was treated in various ways, or where solutions other than urine were studied, specimens were sterilized before addition of the bacterial inoculum by filtration through a 0.45 ,u filter).
Immediately after addition of the bacterial inoculum and again after 3, 6, and 24 hr of incubation at 370C, aliquots were removed from each specimen for determination of numbers of bacteria present. Bacterial enumeration. The numbers of bacteria in a specimen were determined by plating 0.1 ml of each specimen and making serial 100-fold dilutions in distilled water and plating 1 and 0.1 ml aliquots of each dilution in trypticase soy agar pour plates. In experiments with P. mirabilis, the agar was allowed to harden and a second layer poured to prevent swarming. The total number of viable bacteria per milliliter was calculated from colony counts after incubation of the plates for 24 hr at 370C.
In each experiment representative colonies were identified to assure identity with the microorganism inoculated.
RESULTS
Multiplication of E. coli strains in urine Fig. 1 shows the results of a typical experiment in which E. coli strain 13 suspended in 0.1 ml of sterile distilled water was incubated in 5-ml of trypticase soy broth and in 5-ml of first voided morning urine from subjects 1, 2, and 4. The inoculum was 40 colony-forming units/ml. Multiplication of bacteria did not occur in urine from subject 1 and aliquots of this urine were sterile after 6 and 24 hr of incubation. Although bacteria did eventually multiply in urine from subjects 2 and 4, multiplication was much slower in the urines than in broth. There was no increase in titer after 3 hr of incubation in these urines and only a 10-fold increase after 6 hr of incubation. This compares with 10-and 1000-fold increases in the number of bacteria in the broth after 3 and 6 hr of incubation. After 24 hr of incubation the urines contained less than 1o% of the number of bacteria in the trypticase soy broth. Similar results were obtained with 10 other strains of E. coli. In these experiments 3-40 colony-forming units/ml of each E. coli strain were inoculated into the same first-voided morning urines from subjects 1, 2, and 4. After 3 hr of incubation in trypticase soy broth there was at least a 10-fold (1 log) increase in the titer of all strains. In contrast, after 3 hr of incubation in each of the three urines, there was no increase in the titer of five of the E. coli strains and only small increases in titers of the other five strains. Fig. 2 demonstrates the results after 6 hr of incubation for strain 13 and the other 10 strains. The increase in numbers of organisms is expressed as log increase 6 hr incubation and is calculated by 24 HOURS subtracting log,0 of the inoculum per milliliter from log10 of the number of bacteria per milliliter after 6 hr of incubation. All of the bacterial strains multiplied faster and grew to higher titers in trypticase soy broth than in urine. Strain 14 did not multiply in any of the three urines and the urines were sterile after 6 and 24 hr of incubation. Similarly, urine from subject 2 was bactericidal for strain 9 and (as shown in Fig. 1 ) urine from subject 1 was bactericidal for strain 13. Urine that was bactericidal for small inocula (i.e., less than 102 bacteria/ml) of an E. coli strain was usually inhibitory but rarely bactericidal for larger inocula. For example multiplication of different inocula of E. coli strain 13 was studied in a second voided morning urine -from subject 4. The urine was bactericidal for an inoculum of 10/ml. With inocula of 103 or 105/ml there was a lag phase of 6 hr followed by multiplication of bacteria. However the titer achieved after 24 hr of incubation was less than 1%o of the titer achieved in trypticase soy broth.
Urine specimens were obtained from subjects 1, 2, and 4 at different times of the day over a period of weeks (e.g., first and second voided morning specimens and mid and late afternoon specimens). The growth of E. coli strains 13 and 14 was studied in each of these specimens and compared with growth in trypticase soy broth. In general, most of the urine specimens from an individual were about equally inhibitory regardless of the time of day voided. Most of the specimens were bactericidal for E. coli strain 14 and some were bactericidal for strain 13 .
Growth of E coli strain 14 was studied in urine from subjects 1 and 2 collected before (second voided morning specimens) and during a diuresis induced by drinking large quantitites of water. Before diuresis the urines contained 1117 and 1100 mOsm/kg of water, respectively, and during diuresis the concentrations were 495 and 225 mOsm/kg of water, respectively. Urine from both subjects collected before diuresis was bactericidal for E. coli strain 14, whereas urine obtained during diuresis supported growth of this strain almost as well as trypticase soy broth.
A series of experiments was performed to determine and compare growth characteristics of 16 strains of E. coli in first voided morning urine from nine of the subjects (subjects 1-3, 6-11). A sample of the same urine specimen from each subject was tested against each of the 16 E. coli Antibacterial Activity of Human Urine 2377 STOOL ISOLATE I strains. In these experiments, to eliminate the possibility that poor bacterial growth in urine was related to lack of nutrient material, the E. coli strains were suspended in trypticase soy broth. 0.1 ml of trypticase soy broth containing the E. coli strain was added to 1 ml of urine from each of the subjects and to 1 ml of sterile distilled water. The inocula were 102_103 colony-forming units/ml. Each urine and water specimen contained a final concentration of 9% standard strength trypticase soy broth (i.e., 0.27 g of trypticase soy broth powder/100 ml of water. This concentration of broth is sufficient to result in rapid growth of all of the bacterial strains studied. Fig.  3 shows results of experiments with the 16 strains of E. coli. The bacteria usually multiplied faster and grew to higher titers in water containing trypticase soy broth than in urine. All nine urines were inhibitory for some of the E. coli strains and five of the urine specimens were inhibitory for all of the strains. Six of the urines were bactericidal for one or more E. coli strains. Although no one urine was uniformly the best or poorest medium for growth of all of the E. coli strains, there was a tendency for a particular urine URINE ISOIATES to be a relatively good or relatively poor growth medium. For example, most of the strains grew relatively well in urine from subjects 10 and 11 and relatively poorly in urine from subjects 2 and 6. Fig. 4 shows the results of the experiments in Fig. 3 charted to show the increase in numbers of each of the 16 strains of E. coli in urine from subjects 6 and 11. Multiplication of most of the strains was only slightly inhibited in urine from subject 11, as compared with multiplication in water; in contrast, growth of most of the strains was markedly inhibited in urine from subject 6. In order to arrange urines from the nine subjects in order of inhibitory activity against the 16 strains of E. coli, graphs similar to Fig. 4 were constructed for each urine sample. The log increase of the median organism on each graph after 6 hr incubation was used as the "score" for that urine (e.g., in Fig. 4 the median log increases for subjects 6 and 11 after 6 hr of incubation are 1.7 and 3.4, respectively). Table I lists the median log increase after 6 hr incubation in each urine and also lists the pH, osmolality, urea nitrogen, ammonium nitrogen, and milliequivalents of sodium, potassium, and organic acids of each of the nine urines. As can be seen from Table I , there was a high correlation between antibacterial activity of urine and high osmolality, urea nitrogen and ammonium nitrogen. The correlation coefficients were: r = 0.90 for osmolality (P < 0.01); r = 0.69 for urea nitrogen (P < 0.05); and r = 0.69 for ammonium nitrogen (P < 0.05). The correlation between antibacterial activity and pH, sodium, potassium and organic acids was poor. The correlation coefficients were: r = -0.06 for pH (P > 0.05) ; r = 0.59 for sodium (P > 0.05) ; r = 0.47 for potassium (P > 0.05); and r = -0.25 for organic acids (P > 0.05). The lack of correlation between antibacterial activity and pH in these experiments (in contrast to subsequent experiments) was probably related to the narrow pH range of the urines (5.0-5.5). Multiplication of bacteria other than E. coli in urine Studies were also done with strains of A. aerogenes, P. aeruginosa, P. mirabilis, enterococcus, S. aureus, and S. albus. In these experiments 0.1 ml of trypticase soy broth containing each bacterial species was added to 1 ml of sterile distilled water and to 1 ml of each of the urine specimens listed in Table I . The final inoculum was 10_103 colony-forming units/ml. Each urine and water specimen contained a final concentration of 9% standard strength trypticase soy broth (i.e., 0.27 g of trypticase soy broth powder/100 ml of water). This concentration of broth is sufficient to result in growth of all of the bacterial strains studied. Multiplication of all strains was inhibited in most of the urines, as compared with water. Fig. 5 shows the log increase of bacteria in urine or water after 6 hr of incubation at 370C.
During the 1st 6 hr the strain of P. aeruginosa, the two strains of staphylococcus, and the strain of enterococcus did not multiply in some of the urines. After 24 hr of incubation these microorganisms multiplied to relatively high titers in most urines. In general, the urines that were most inhibitory for these strains of bacteria (i.e., A. aerogenes, P. aeruginosa, P. mirabilis, enterococcus, and staphylococcus) were also the most inhibitory for the strains of E. coli. Investigations into factors in urine inhibitory for E. coli Effect of dilution of urine. The inhibitory activity of urine was decreased after dilution of the urine in sterile distilled water. In these experiments 0.1 ml of sterile water containing E. coli strain 13 or 14 was added to 5-ml of trypticase soy broth, 5-ml of first voided morning urine from subject 4, and 5-ml each of 1: 2 and 1: 4 dilutions of the urine in sterile water. The resultant inocula were 20-40 colony-forming units/ml. The undiluted urine was bactericidal for both strains; multiplication of bacteria was somewhat inhibited in the urines diluted 1: 2 in water; and multiplication of bacteria in the urines diluted 1:4 in water approximated the rate of multiplication in broth.
Effect of modification of pH. The inhibitory activity of urine tended to decrease as the pH of the urine was adjusted above pH 6.0, but was still demonstrable even at pH 6.5. 1 N hydrochloric acid or sodium hydroxide. E. coli strain 14 in 0.1 ml of trypticase soy broth was added to each urine sample and to 1.0 ml of water; the inoculum was 102 colony-forming units/ml. As shown in Fig. 6 the urines at pH 5.0, 5.5, and 6.0 were markedly inhibitory or bactericidal for the E. coli strain. Although multiplication eventually occurred at pH 6.5, growth after 3 and 6 hr of incubation was inhibited, as compared with growth in water. Extraction with ethyl alcohol and ethyl ether. Tubes containing 5-ml aliquots of urine from subject 1 (which was bactericidal for small inocula of E. coli strains 13 and 14) were heated at 1000C until only dry powder remained. 5-ml of water was added to one tube. To each of two other tubes 20-ml of absolute ethyl alcohol or 20-ml of ethyl ether was added. The powder was resuspended and then the tubes centrifuged at 2000 g for 20 min. The supernates were removed and the tubes allowed to dry. 5-ml of water was then added to each of the two tubes. Extraction with ethyl alcohol removed the urea and ammonium, and proportionately decreased the osmolality but did not change the pH. Extraction with ethyl ether did not affect pH, urea, ammonium, or osmolality. Extraction with either ethyl alcohol or ethyl ether decreased the organic acid content by 50%o. The evaporated and reconstituted urine (pH, urea, ammonium, osmolality, and organic acids unchanged) and the urine that had been extracted with ethyl ether were still bactericidal for E. coli strains 13 and 14. The urine extracted with ethyl alcohol was not inhibitory for either strain.
Effect of procedures designed to remove or inactivate proteins. Urine was absorbed with heatkilled E. coli to remove antibody that might be present. Absorption did not remove the antibacterial activity of that urine for the same or different E. coli strains. In these experiments a vaccine was prepared from E. coli strain 13 by washing surface growth from trypticase soy agar slants with sterile distilled water. The suspension of E. coli was washed in water and then concentrated to 2 X 1010 colony-forming units/ml. The bacteria were killed by exposure to 60°C for 1 hr. Second voided morning urine from subject 4 (which was bactericidal for small inocula of E. coli strains 9 and 13) was absorbed with the vaccine by adding 3-ml of urine to the sediment from 5-ml of vaccine. After incubation for 1 hr at 37°C and 18 hr at 20°C the urine was filtered through a 0.45 , filter to remove the bacteria. The filtered urine was still bactericidal for small inocula of E. coli strains 9 and 13.
The inhibitory activity of urine was not decreased by heating. In these experiments, the fate of E. coli strains 13 and 14 in inocula of 102_ 103/ml was observed in first voided morning urine from subjects 1 and 2 after the urine had been treated by each of the following procedures: (1) incubating at 56°C for 30 min; (2) boiling for 10 min and reconstituting to the original volume with sterile distilled water; or (3) evaporating at 100°C and then reconstituting with distilled water. None of these procedures significantly altered the antibacterial activity of the urine.
To remove large molecules, urine was ultrafiltered by passage through a collodion membrane with a pore size of less than 5 mu. In other experiments urine was passed through a dextran (Sephadex G-10) column (Pharmacia Laboratories Inc., Piscataway, N. J.) prepared with distilled water at 4°C. Under these conditions molecules with a mol wt over 700 pass rapidly through the column; urea and electrolytes are held back and can subsequently be eluted with distilled water. The, protein-containing and the protein-free portions of the urine were concentrated by lyophilization. The protein-containing portion was essentially ureaand electrolyte-free and the protein-free portion contained essentially all of the urea and electrolytes. The protein-containing portion of the urine was adjusted to a protein concentration equal to the original urine and the protein-free portion was adjusted to the original urea concentration and osmolality. Urine from subject 1 containing 7 mg of protein/100 ml that was bactericidal for small inocula of E. coli strains 13 and' 14 was ultrafiltered or passed through a Sephadex G-10 column as described. Bactericidal activity was retained after ultrafiltration. Bactericidal activity was present in the protein-free portion of the urine collected from the column, but was not present in the protein-containing portion.
Effect of modifying urea or ammonium concentration or osmolality. Experiments were undertaken to determine the contribution of urea, ammonium, and osmolality to the antibacterial activity of urine. In these studies, urine that was not inhibitory for E. coli strain 13 was supplemented with either urea (Fisher Scientific Co., New York), ammonium chloride, or sodium chloride to raise the urea concentration, ammonium concentration, or osmolality to equal that of urine that was bactericidal for E. coli strain 13. These experiments demonstrated that supplementation with urea markedly increased the inhibitory quality of the urine; supplementation with ammonium chloride or sodium chloride did not have much effect. The urines used were those listed in Table   I . Urine from subject 11 (urea nitrogen concentration of 1.1 g/100 ml, ammonium nitrogen of 0.02 g/100 ml, and osmolality of 677 mOsm/kg of water) was supplemented with urea to a urea nitrogen concentration of 2.0 g/100 ml (equivalent to that of subject 9; see Table I ). A second aliquot of urine from subject 11 was supplemented with ammonium chloride to an ammonium nitrogen concentration of 0.08 g/100 ml, and a third aliquot was supplemented with sodium chloride to increase the osmolality to 1157 mOsm/kg (equivalent to that of subject 9; see Table I ). E. coli strain 13 in 0.1 ml of distilled water was added to 1 ml of urine from subject 9, 1 ml of urine from subject 11, 1 ml of urine from subject 11 with urea nitrogen equal to that of subject 9, 1 ml of urine from subject 11 with ammonium nitrogen equal to that of subject 9, and 1 ml of urine from subject 11 with osmolality equal to that of subject 9. Before inoculation of bacteria all samples of urine were adjusted to pH 5.5. The inoculum was 6 colony-forming units/ml. Urine from subject 9 and from subject 11 supplemented with urea were bactericidal for strain 13. Urine from subject 11 supported growth of the E. coli, and supplementation with sodium chloride or ammonium chloride did not affect the growth-supporting characteristics of urine from subject 11.
In other experiments urea or ammonium was selectively removed from urine by means of urease or by an inorganic ion exchanger that exchanges sodium for ammonium ions. Urine from subject 1 (pH 5.5, 930 mOsm/kg of water, 1.8 g of urea N/100 ml, and 0.07 g of ammonium N/100 ml) that was bactericidal for small inocula of E. coli strains 13 and 14 was studied. 5-g of an aluminosodium silicate gel exchanger (Permutit, Folin, Fisher Scientific Co., New York) was added to 10-ml of urine, agitated for 10 min, and the urine was then filtered. Treatment with Permutit resulted in complete removal of ammonium nitrogen, but the urine (after being adjusted to pH 5.5) was still bactericidal for E. coli strains 13 and 14.
Urease (Fisher Scientific Co., New York) was deionized by dialysis against distilled water and then suspended in water at a concentration of 2 g/10 ml. The urine was adjusted to pH 7.0 by addition of sodium hydroxide and then 0.5 ml of urease suspension was added to 10-ml of urine.
The urine was incubated for 30 min at 500C which converted 1.5 of the 1.8 g/100 ml of urea nitrogen to ammonium nitrogen. The urine was then filtered to remove the urease. Treatment with urease increased the osmolality to 1340 and the pH to 9.0. Even after adjusting the pH back to 5.5 the urine was still bactericidal for E. coli strains 13 and 14. After absorption with 5 g of Permutit the osmolality remained 1340 and the ammonium nitrogen was reduced to 0.3 g/100 ml. Controls were prepared by following the exact same steps, except for using urease that had been inactivated by boiling. The urine to which active urease and then Permutit had been added supported multiplication of small numbers of E. coli strains 13 and 14. The controls were bactericidal for the same inoculum.
Effect of dialyzing urine against various solutions. In other experiments urine was dialyzed at 4VC for 24 hr against the following: distilled water; solutions of urea with a urea concentration equal to that of the urine; solutions of ammonium chloride with an ammonium concentration equal to that of the urine; solutions of sodium chloride with osmolality equal to the osmolality of the urine; and mixtures of urea, ammonium chloride, and sodium chloride with ammonium and urea concentration equal to that of the urine, and sodium chloride added to increase the osmolality to equal that of the urine.
After dialysis against water the osmolality was less than 10 mOsm/kg of water and the urea and ammonium nitrogens were not measurable. Dialysis against urea, ammonium chloride, sodium chloride, or mixtures of these resulted in solutions with urea concentrations, ammonium concentrations, and osmolalities equal to those of the dialyzing fluid. The pH of the dialyzed urine was always adjusted to equal that of the original urine. Table II demonstrates a typical experiment in which multiplication of E. coli strain 13 was studied in urine from subject 1 with an osmolality of 1006 mOsm/kg of water, urea nitrogen of 2.0 g/100 ml, ammonium nitrogen of 0.1 g/100 ml and pH of 6 and in dialysates of the urine. This urine was bactericidal for the strain. In this study, 10 colony-forming units suspended in 0.1 ml of trypticase soy broth was inoculated in 1 ml of urine and in 1 ml of each dialysate. As shown in Table II bactericidal activity of the urine was retained after dialysis against urea (2.0 g of urea N/100 ml), urea plus sodium chloride (2.0 g of urea N/100 ml; osmolality 1006 mOsm/kg of water), urea plus ammonium chloride (2.0 g of urea N/100 ml; 0.1 g of ammonium N/100 ml), and urea plus ammonium chloride and sodium chloride (2.0 g of urea N/100 ml; 0.1 g of ammonium N/100 ml; osmolality 1006 mOsm/kg of water). Bactericidal activity was lost but some inhibition of multiplication was observed following dialysis against sodium chloride (1006 mOsm/ kg of water) or ammonium chloride and sodium chloride (0.1 g of ammonium N/100 ml; 1006 mOsm/kg of water). After dialysis against water or ammonium chloride there was no inhibitory activity.
Multiplication of E. coli strains in solutions containing sodium chloride, ammonium chloride, and urea Sodium chloride, urea, and urea plus sodium chloride were added to trypticase soy broth (3 g of trypticase soy broth powder/100 ml of water) and to 10%o trypticase soy broth (0.3 g of trypticase soy broth powder/100 ml of water) as listed in Table III Added to 10% trypticase soy broth in water (21 mOsm/kg of water) 200, 400, 600, 800, 1000, 1200, and 1400 mOsm/kg of water of NaCl 1 g/100 ml of urea nitrogen (360 mOsm/kg of water) 1 g/100 ml of urea nitrogen plus 200, 400, 600, 800, and 1000 mOsm/kg of water of NaCl 1.5 g/100 ml of urea nitrogen (533 mOsm/kg of water) 1.5 g/100 ml of urea nitrogen plus 200, 400, 600, and 800 mOsm/kg of water of NaCl 2.0 g/100 ml of urea nitrogen (673 nmOsm/kg of water) 2.0 g/100 ml of urea nitrogen plus 200, 400, 600, and 800 mOsm/kg of water of NaCl 2.5 g/100 ml of urea nitrogen (833 mOsm/kg of water) 2.5 g/100 ml of urea nitrogen plus 200, 400, and 600 mOsm/kg of water of NaCl
Added to trypticase soy broth (300 mOsm/kg of water) 200, 400, 600, and 800 mOsm/kg of water of NaCl 1 g/100 ml of urea nitrogen (607 mOsm/kg of water) 1 g/100 ml of urea nitrogen plus 200, 400, 600, and 800 mOsm/kg of water of NaCl 1.5 g/100 ml of urea nitrogen (787 mOsm/kg of water) 1.5 g/100 ml of urea nitrogen plus 200, 400, and 600 mOsm/kg of water of NaCl 2.0 g/100 ml of urea nitrogen (930 mOsm/kg of water) 2.0 g/100 ml of urea nitrogen plus 200 and 400 mOsm/kg of water of NaCl 2.5 g/100 ml of urea nitrogen (1235 mOsm/kg of water) 2.5 g/100 ml of urea nitrogen plus 200 mOsm/kg of water of NaCl 0.20 g/100 ml. In a manner similar to Table III , sodium chloride was added to aliquots of each of the ammonium chloride solutions to provide increasing osmolalities in stepwise increments of 200 mOsm/kg of water. Aliquots of all solutions were adjusted to pH 5.0, 5.5, 6 .0, and 6.5. Multiplication of E. coli strains 9, 13, and 14 was studied in 1 ml of each solution at each of the four pH's after inoculation of 3-40 colony-forming units/ml suspended in 0.1 ml of water. All solutions were heated to 370C before addition of the bacterial inoculum and maintained at 370C for the duration of the experiment. When multiplication of bacteria occurred in a solution it was usually most rapid at pH 6.5, more rapid at pH 6.0 than pH 5.5, and least rapid at pH 5.0. These relationships were more consistent in the trypticase soy broth solutions than in the 10% broth solutions perhaps related to the better buffering capacity of the undiluted broth and the resultant greater stability of pH during growth of bacteria.
Solutions of ammonium chloride were not inhibitory for multiplication of bacteria, as compared with broth controls. With addition of sodium chloride to ammonium chloride inhibitory activity appeared, but was no more than was observed in solutions of sodium chloride alone at the same osmolalities. Solutions of sodium chloride at high osmolalities and solutions of urea demonstrated antibacterial activity. Fig. 7 shows results after 6 hr of incubation of E. coli strain 13 in solutions of sodium chloride, urea, and urea plus sodium chloride made in 10%o trypticase soy broth at a pH of 6.0. Multiplication was optimal in sodium chloride solutions at osmolalities -between 200 and 600 mOsnm/kg of water. At an osmolality above 600 the rate of multiplication decreased. Multiplication was markedly inhibited in all of the urea solutions without added sodium chloride (represented by the first point on each of the urea curves in Fig. 7 ). With addition of sodium chloride to the solutions of urea, the rate of multiplication of bacteria tended to increase and did not fall again until osmolalities over 1000 mOsm/kg of water were achieved. As the concentration of urea increased, the rate of multiplication decreased. For example, as shown in Fig. 7 , peak multiplication in 1 g/100 ml of urea nitrogen was a 4.1 log increase (at 560 mOsm/kg of water), as compared with only a 2.7 log increase in 1.5 g/100 ml of urea nitrogen (at 1133 mOsm/kg of water).
Similar results were observed in the solutions in trypticase soy broth as shown in Fig. 8 . The main difference is that the first points on the urea curves represent solutions that contain 300 mOsm/kg of water of trypticase soy broth. Therefore in terms of osmolality other than that contributed by urea, these points are comparable to the second and third points on the urea curves in Fig. 7 .
Results similar to these were obtained with E. coli strains 9 and 14, except that inhibition was more marked with strain 14 than with strain 13 and less marked with strain 9 than it was with strain 13. It is apparent from these data that over the ranges of ammonium concentrations, urea con- from 700 to 1100 mOsm/kg of water. Fig. 10 shows the data from Fig. 8 Effect on antibacterial activity of urine of ingestion of exogenous urea Three subjects, (1, 4, and 5) each ingested 10 g of urea (in capsules) before going to sleep. The first voided urine in the morning was collected and compared with the first voided morning urine from the previous day. Table IV shows the pH, osmolality, urea concentration, and ammonium concentration of each of the urines. In each subject the urea concentration was increased by at least 0.5 g of urea nitrogen/100 ml of urine after ingestion of urea. As shown in Fig. 11 , first voided morning urine collected after ingestion of urea was more inhibitory for the strains of E. coli tested than was first voided morning urine collected before ingestion of urea. In fact, all three urines collected after ingestion of urea were bactericidal for E. coli strains 13 and 14. removing bacteria from the urinary tract. They also assumed that the common urinary pathogens multiply in urine at about the same rate as in artificial media. If, as shown in the present study, urine from normal individuals is often inhibitory and sometimes bactericidal for growth of these organisms, then a slow rate of bacterial multiplication in the urine combined with voiding would act as an effective antibacterial defense mechanism in the human bladder.
In the present studies there were marked differences in susceptibility of various strains of E. coli to the inhibitory and bactericidal activity of urine. Furthermore, there was a suggestion that when very small inocula of E. coli were used (i.e., 3-40 colony-forming units), E. coli strains isolated from urine multiplied more rapidly in urine than E. coli strains isolated from stool.
The poor growth-supporting qualities of the urine samples studied were not related to a lack of nutrient material, as addition of broth to urine did not eliminate the inhibitory activity. The fact that dilution of urine in water or dialysis of urine against water eliminated inhibitory activity is further evidence that the inhibitory activity was not due to a simple lack of nutrient material.
Gamma-A immunoglobulins have been isolated from normal human urine in small amounts (20) Urine pH was shown to be an important variable. As the pH was adjusted upward from 5.0 to 6.5, the inhibitory activity of the urine decreased. These results are similar to those of others (10) (11) (12) (13) (14) (15) . Kass and Ziai (8) described an inhibitor found in urine of some normal individuals that was most active at pH 5.0 and that lost much of its activity as the pH of the urine was raised. This inhibitor was nonvolatile, alcohol-soluble and ether-insoluble, and was thought to be a weakly ionizable acid. The inhibitory activity of the urine in the present study was most active at pH 5.0 but was also active at pH 5.5 and 6.0. and was demonstrated mainly in concentrated urines. This inhibitory activity was shown to be due mainly to the presence of urea. It is of interest that urea is nonvolatile, ethyl alcohol-soluble and ethyl ether-insoluble. Furthermore, the weakly ionizable acids discussed by Bodel, Cotran, and Kass (9) such as hippuric acid, mandelic acid, acetic acid, and beta-hydroxybutyric acid are generally as soluble in ethyl ether as in ethyl alcohol (21) . It is possible that the pH-dependent factor of Kass and Ziai in normal urine may have been urea.
Antibacterial activity of urine in the present study was not correlated to the total concentration of organic acids. However, the titration of total organic acids probably reflects a mixture of organic acids with different pK values. As the concentrations of these different acids vary with diet and fluid intake, it is likely that organic acids play a more important role in the antibacterial activity of urine than indicated by the present study.
It is clear from the study of Bodel, et al. (9) that high concentrations of organic acids in urine are inhibitory for growth of bacteria. These investigators showed that 0.02 M hippuric acid was bacteriostatic in vitro at pH 5.0 for a strain of E. coli. This concentration of hippuric acid was achieved in urine only in subjects ingesting large volumes of cranberry juice which raised the daily urinary excretion of organic acid to 90 mEq. Without ingestion of cranberry juice the subjects excreted 50-75 mEq of organic acid daily and the urine was not bacteriostatic. In the present study the daily excretion of organic acid was below 75 mEq in all subjects and none were drinking cranberry juice.
The osmolalities of urines in the present study were considerably higher than those observed by Asscher et al. (15) . They found that over half of the population studied had early morning urine osmolalities of 600 mOsm/kg of water or less. In the present study (and in many additional determinations by this investigator), first voided morning urine from normal individuals always has an osmolality more than 600 mOsm/kg of water. Furthermore, Jacobson et al. (22) demonstrated that following overnight fluid and food deprivation for 14 hr, normal individuals should have urine osmolalities of 850 mOsm/kg of water or more. One reason for the lower osmolalities in the studies by Asscher et al. may be related to differences-in the population studied. Asscher et al. did not exclude patients who may have had renal disease; furthermore they studied an older population, 16-65 yr, as compared with 5-35 yr in the present studies. Other possible explanations for differences in osmolalities are differences in diet (e.g., differences in protein and sodium chloride intake) and differences in fluid intake.
In the present study, the inhibitory quality of urine samples was directly correlated with osmolality, with urea content, and with ammonium concentration. As about one-half of the osmolality in the urines studied was related to the urea present, it is clear that urines with high osmolality will also usually have high urea concentrations.
Kaitz (14) also noted more inhibitory activity in concentrated urines and stated that inhibition in concentrated urines that is pH-nondependent appeared to be due to urea. No methods or experimental data were given. No studies have attempted to correlate endogenous urea concentration of urine to antibacterial activity and to separate the effects of osmolality from the effects of urea concentration, ammonium concentration, and organic acid concentration.
There are previous studies suggesting that urea may contribute to antibacterial activity of urine. Hain (23) demonstrated that urine from dogs receiving a high protein diet (meat) had antibacterial activity, but that the antibacterial activity was lost when the diet was changed to a low protein diet (no meat). Schlegel, Cuellar, and O'Dell (24) found that urea in nutrient broth at pH 7.0-7.1 has antibacterial activity in concentrations of 1-4 g/100 ml (0.48-1.9 g of urea nitrogen/100 ml). Neter and Clark (16) showed that addition of 3.1-6.3 g/100 ml of urea (1.5-3.0 g of urea nitrogen/100 ml) to human urine markedly increased antibacterial activity. Finally Schlegel, Raffii, Flinner, and O'Dell (25) and O'Dell, Brazil, and Schlegel (26) were able to decrease the incidence of urinary tract infection in dogs and rats by administering urea after introduction of bacteria into the urinary tract.
The results of the present study provide evidence for the role of urea in human urine as an antibacterial agent. They also suggest that within the ranges of concentration commonly achieved in human urine. antibacterial activity is more a function of urea content than of osmolality, organic acid concentration, or ammonium concentration.
A solution of urea and sodium chloride in 10%o trypticase soy broth had similar growth-supporting or inhibiting characteristics for strains of E. coli as a urine specimen with the same urea concentration, osmolality, and pH. It was therefore possible to predict the antibacterial activity of a urine specimen, if the urea content, osmolality, and pH were known.
Prostatic fluid in dogs (27) and prostatic fluid and semen in man (28) are inhibitory for E. coli strains. The antibacterial activity of urine observed in the present study cannot be completely explained by presence of prostatic fluid, as urine from females was also found to be antibacterial. (In fact, the most antibacterial urine studied was that of a female, subject 6.) However, the possibility cannot be excluded that, in some of the males in the present study, prostatic fluid or semen may have contributed to the antibacterial activity of the urine.
Asscher et al. (15) observed that urine from females tended to support multiplication of E. coli better than urine from males, and Asscher et al. and Roberts and Beard (29) showed that urine from pregnant females supported multiplication of E. coli better than urine from nonpregnant females. These differences were felt to be related to the fact that the pH of urine from males was lower than the pH of urine from females, which in turn was lower than the pH of urine from pregnant females (15) . Urea concentrations were not determined and differences in urea concentrations may have explained some of the differences in growth-supporting ability of the urines.
The results of the present study and those of Roberts and Beard and Asscher et al. suggest that antibacterial activity of human urine may be an important factor in preventing urinary tract infection and may also help to select bacterial strains when infection does occur.
